Chlorinated polyvinyl chloride (CPVC), as a new type of engineering plastic waste, has been used widely due to its good heat resistance, mechanical properties and corrosion resistance, while it has become an important part of solid waste. The pyrolysis behaviors of CPVC waste were analyzed based on thermogravimetric experiments to explore its reaction mechanism. Compared with polyvinyl chloride (PVC) pyrolysis, CPVC pyrolysis mechanism was divided into two stages and speculated to be dominated by the dehydrochlorination and cyclization/aromatization processes. A common model-free method, Flynn-Wall-Ozawa method, was applied to estimate the activation energy values at different conversion rates. Meanwhile, a typical model-fitting method, Coats-Redfern method, was used to predict the possible reaction model by the comparison of activation energy obtained from model-free method, thereby the first order reaction-order model and fourth order reaction-order model were established corresponding to these two stages. Eventually, based on the initial kinetic parameter values computed by model-free method and reaction model established by model-fitting method, kinetic parameters were optimized by Shuffled Complex Evolution algorithm and further applied to predict the CPVC pyrolysis behaviors during the whole temperature range. complex molecules [8] . It not only overcomes the drawbacks of landfill and incineration but also recovers valuable fuel or chemical raw materials from solid waste [9] .
Introduction
Global plastics production has increased over the years due to the widespread use in many fields. It is very convenient for people to use plastic products due to their resistance to degradation, versatility, light weight and low cost [1] . Chlorinated polyvinyl chloride (CPVC), a new type of engineering plastics with broad application prospects, is obtained by further chlorination of polyvinyl chloride (PVC). When the PVC is chlorinated, its physical and chemical performance, such as irregularity, polarity, solubility and chemical stability of molecular chain arrangement, can be improved [2] . Especially, due to its good heat resistance, mechanical properties and corrosion resistance, CPVC is widely used in various industrial fields. However, the short cycle life of plastics leads to the emergence of a large number of plastic wastes [3] . How to solve the waste CPVC in a scientific, reasonable and effective way? There is no doubt that it is an important issue that needs to be solved urgently. For the treatment of plastic waste, converting it from waste to new energy is a big direction in future waste utilization [4] . Pyrolysis, as a very promising thermochemical technique [5] , has been paid more and more attention by providing an excellent alternative to transform plastic wastes into energy fuels or valuable chemicals [6, 7] , especially decomposing long-chain polymer molecules into smaller, less 
Thermogravimetric Eexperiments
A SDT Q600 thermal analyzer (TA Instruments, New Castle, DE, USA) was used to perform thermogravimetric experiments from 400 K to 900 K at four different heating rates (10, 20, 30 and 60 K/min). For all experimental runs, a powder sample with about 6 mg was evenly distributed in an alumina cup without a lid and a purge stream of 100 mL/min pure nitrogen was applied to the system throughout the process.
Kinetic Theory
Basic equation used for kinetic analysis of CPVC can be assumed based on conversion rate as follows:
where α is the conversion rate during pyrolysis, k(T) is the reaction rate constant and f(α) is the function of reaction mechanism. m 0 , m t and m f represent the sample mass at the initial time, intermediate time and the end, respectively. A is the pre-exponential factor and E a is the activation energy of the reaction. R is the universal gas constant and T is the reaction temperature. For non-isothermal pyrolysis, the constant heating rate β is equal to dT/dt, so Equation (1) can be written as:
Equation (4) can also be expressed in integral form:
where g(α) is an integral form of reaction model, T 0 is the initial temperature.
The expressions of f(α), g(α) based on five major types of reaction models (power law models, nucleation models, reaction-order models, diffusion models and geometrical contraction models) are shown in Table 1 [29] [30] [31] .
Both the model-free method and the model-fitting method are used in this paper, which are represented by Flynn-Wall-Ozawa (FWO) [32, 33] and Coats-Redfern (CR) [34] methods. The FWO method requires the measurement of the temperatures corresponding to fixed conversion rates from experiments at different heating rates and then obtains the activation energy of a solid-state reaction without knowing the reaction model in advance. The CR method is used to calculate activation energy based on hypothetical reaction models. In other words, CR is used to calculate the activation energy from the proposed g(α) forms. Then the activation energy estimated by CR is compared to the previously obtained value by FWO to estimate the most appropriate reaction model g(α). Furthermore, based on the initial kinetic parameter values computed by FWO and reaction model established by CR, a global optimum algorithm called Shuffled Complex Evolution (SCE) is coupled to optimize the kinetic parameters. Table 1 . Differential and integral expressions of various reaction model functions.
Reaction Model Differential Form f(α) Integral Form g(α)
Power law models Power law (P3/2)
The FWO method is derived by Doyle's approximation [34] and the reaction rate in logarithmic form can be expressed as:
The plot of lnβ versus 1/T gives a straight line whose slope can be used to determine the activation energy E a . If g(α) was informed, the pre-exponential factor A can be gained.
Coats-Redfern Method
The basic equation for CR method is given below:
The activation energy E a can be obtained by the plot of ln(g(α)/T 2 ) versus 1/T and the pre-exponential factor A can be obtained from the intercept of this graph. g(α) can be varied according to different reaction models.
By comparison between the general reaction temperature range and activation energy E a , it is found E a /RT>>1, (1 − 2RT/E a ) ≈ 1 [34] and then Equation (7) can be simplified as:
Furthermore, a lot of reaction models g(α) are assumed and tried to compute the corresponding activation energies. If the computed activation energy by a certain reaction model is the closest to the previously obtained value by FWO, then this given reaction model is defined as the most appropriate reaction model g(α).
Moreover, the kinetics compensation effect can be used to test the correctness of selected reaction model. Generally speaking, if the selected reaction model g(α) is suitable for characterizing solid pyrolysis, then there is a linear relationship between the natural logarithm of the pre-exponential factor lnA and the activation energy E a [35] , as expressed in Equation (9):
where a and b are called compensation parameters.
Shuffled Complex Evolution Optimization Method
SCE method is a robust, effective and efficient global optimum algorithm and its detailed description can be referred to Ref. [24, 36, 37] . In our current study, the objective function φ is defined by comparing the differences between the predicted results and experimental data of mass loss rate:
where N is the number of experiments and λ is the number of experimental data points for each experiment. Subscript pred and exp represent the predicted results and experimental data.
Results and Discussion

Thermogravimetric Analysis
The thermogravimetric curves of CPVC at four heating rates (10, 20, 30 and 60 K/min) under the nitrogen atmosphere are showed in Figure 1 , including the mass loss (TG) m/m 0 and mass loss rate (DTG) d(m/m 0 )/dT. The main thermal degradation of CPVC is in the temperature range of 500 K to 800 K and the final residue remains about 40%. The trends of mass loss curves corresponding to the four heating rates are basically the same. There are two obvious rapid descent zones in Figure 1a which are in the temperature range of 540-620 K (Stage I) and 710-780 K (Stage II, marked in grey dashed boxes), respectively. Wherein, the stage between them is assumed to be transition region. Just as shown in Figure 1b , two distinct peaks are closely related to the above-mentioned rapid descent zones. The temperature locations of these two peaks are about 570-610 K and 730-760 K, respectively. Furthermore, as the heating rate become faster, the value of two peaks decreases and their corresponding temperature value increases, namely slower heating rates correspond to larger mass loss rate peak values and taking place at lower peak temperatures, while they have little impact on the variation tendency of the pyrolysis.
To explore the reaction mechanism of CPVC, the pyrolysis behaviors of PVC conducted by Miranda et al. [11] is provided to compare with that of CPVC, as shown in Figure 2 . The pyrolysis residue of PVC (only 10%) is far less than that of CPVC (40%) in nitrogen atmosphere. Similarly, there are two obvious pyrolysis stages of PVC and CPVC during the whole pyrolysis process.
As shown in Figure 2 , the mass loss percentage of PVC is about 55% in Stage I. Considering that the molecular structure of PVC is mainly composed of -CH 2 -CHCl-unit, the percentage of element Cl in PVC is estimated about 56.77%, which is close to the lost mass in Stage I. This phenomenon is in accordance with the experimental data of Castro et al. [38] , who found that almost all the element Cl was removed from the PVC when the temperature is lower than 613 K. Compared with CPVC, the reaction rates of PVC are larger in Stage I. The lost mass percentage of CPVC is only about 40%, lower than that of PVC (55%). Especially, the peak value of PVC is nearly 1.7 times that of CPVC and its starting pyrolysis temperature is a little lower, which means that CPVC shows better chemical stability of molecular chain arrangement than PVC. However, in Stage II, the TG and DTG curves of PVC and CPVC are almost the same, with the lost mass percentage being about 20%. Namely, the pyrolysis behaviors of CPVC are almost the same with that of PVC in Stage II.
(DTG) d(m/m0)/dT. The main thermal degradation of CPVC is in the temperature range of 500 K to 800 K and the final residue remains about 40%. The trends of mass loss curves corresponding to the four heating rates are basically the same. There are two obvious rapid descent zones in Figure 1 (a) which are in the temperature range of 540-620 K (Stage I) and 710-780 K (Stage II, marked in grey dashed boxes), respectively. Wherein, the stage between them is assumed to be transition region. Just as shown in Figure 1 (b), two distinct peaks are closely related to the above-mentioned rapid descent zones. The temperature locations of these two peaks are about 570-610 K and 730-760 K, respectively. Furthermore, as the heating rate become faster, the value of two peaks decreases and their corresponding temperature value increases, namely slower heating rates correspond to larger mass loss rate peak values and taking place at lower peak temperatures, while they have little impact on the variation tendency of the pyrolysis. To explore the reaction mechanism of CPVC, the pyrolysis behaviors of PVC conducted by Miranda et al. [11] is provided to compare with that of CPVC, as shown in Figure 2 . The pyrolysis residue of PVC (only 10%) is far less than that of CPVC (40%) in nitrogen atmosphere. Similarly, there are two obvious pyrolysis stages of PVC and CPVC during the whole pyrolysis process. as shown in Figure 1 (b), two distinct peaks are closely related to the above-mentioned rapid descent zones. The temperature locations of these two peaks are about 570-610 K and 730-760 K, respectively. Furthermore, as the heating rate become faster, the value of two peaks decreases and their corresponding temperature value increases, namely slower heating rates correspond to larger mass loss rate peak values and taking place at lower peak temperatures, while they have little impact on the variation tendency of the pyrolysis. To explore the reaction mechanism of CPVC, the pyrolysis behaviors of PVC conducted by Miranda et al. [11] is provided to compare with that of CPVC, as shown in Figure 2 . The pyrolysis residue of PVC (only 10%) is far less than that of CPVC (40%) in nitrogen atmosphere. Similarly, there are two obvious pyrolysis stages of PVC and CPVC during the whole pyrolysis process. Considering CPVC is further product of PVC via chlorination, the reaction mechanism of CPVC can be speculated by that of PVC. Although CPVC is a derivative of PVC, it is a complex system. There are at least three different types of repeating units present in the polymer molecular structure: -CH 2 -CHCl-, -CHCl-CHCl-and a small amount of -CCl 2 -units [22] . Just as Liebman et al. [39] explained, the greater stability of CPVC compared to that of PVC was due to long sequences of -CHCl-CHClunits in the polymer. Chlorination of PVC produces a change in the physical properties and thus improves the thermal properties of the polymer and makes it more stable [40] , which is attributed in part to a crosslinking reaction and in part to elimination of reactive defects in the PVC structure [21] , resulting in their difference in Stage I.
Huang et al. [5] emphasized that the reaction mechanism of PVC thermal degradation in nitrogen atmosphere could be attributed to two parts-in Stage I, dehydrochlorination was the main reaction of PVC decomposition, leading to the release of HCl and the formation of conjugated polyene; in Stage II, aromatic hydrocarbons were formed from cyclization reactions of the conjugated polyene and also small molecule hydrocarbons were generated [41] [42] [43] . Considering the similar pyrolysis behaviors of CPVC and PVC, it can be speculated that the reaction mechanism of CPVC is similar to that of PVC. Namely, in Stage I, dehydrochlorination is the main reaction leading to the release of HCl and the formation of conjugated polyene, while the more stable structure of CPVC restrains this process than that of PVC; In Stage II, aromatic hydrocarbons are formed from cyclization reactions of the conjugated polyene and also small molecule hydrocarbons are generated, namely the new formed carbon-carbon double bonds and triple bonds may be further cyclized to benzene, chlorobenzene, homologues and char and so on [44].
Kinetic Analysis Base on FWO Method
In order to obtain the reaction kinetics parameter activation energy, the FWO method introduced in Section 2.3.1 was employed here based on four heating rates. Meanwhile, the plots of conversion rate α versus temperature T are shown in Figure 3 and the linear relationships between lnβ versus 1/T at various conversion rates in stages I and II are plotted in Figure 4a . Based on the Equation (6), the activation energy can be computed by the slopes. Then the trend of activation energy values corresponding to various conversion rates is shown in Figure 4b . Meanwhile, the detailed values of activation energy are listed in Table 2 . It is found that the mean values of activation energy in Stage I and II are 140.27 kJ/mol and 246.07 kJ/mol, respectively. This value of Stage II is much larger than that of Stage I, which means more energy is needed in Stage II. 
Estimation and Verification of Reaction Model
According to Equation (8), The plots of ln(g(α))/T 2 versus 1/T corresponding to various reaction mechanisms at each heating rate by CR method are obtained, with 10 K/min as example shown in Figure 5 . Furthermore, the activation energies calculated by the slopes at various heating rates in Stage I and II are listed in Tables 3 and 4 .
For Stage I, the first order reaction-order model F1, the estimated average activation energy at four heating rates is 142.16 kJ/mol, which is the closest to the activation energy value (140.27 kJ/mol) calculated by the FWO method. So the most appropriate model should be F1. For Stage II, the most appropriate reaction model must be the reaction-order model, due to the value estimated by other reaction models being always less than 100 kJ/mol. Then the fourth order reaction-order model F4 (229.76 kJ/mol) closest to the activation energy computed by FWO (246.07 kJ/mol), is chosen as the most appropriate model for Stage II. 
According to Equation (8), The plots of ln(g(α))/T 2 versus 1/T corresponding to various reaction mechanisms at each heating rate by CR method are obtained, with 10 K/min as example shown in Figure 5 . Furthermore, the activation energies calculated by the slopes at various heating rates in Stage I and II are listed in Tables 3 and 4 . 1-(1-α) -1 ]/(-1) Therefore, by the comparison of calculated value based on CR method and FWO method, the most suitable reaction models are obtained for Stage I and Stage II, namely F1 and F4, respectively, corresponding to the integral forms of model functions g(α) = −ln(1 − α) and g(α)
According to the intercepts fitted by the FWO method, the values of the pre-exponential factor A can be obtained by substituting g(α), as listed in Table 2 .
As expressed in Equation (9), Figure 6 shows the good linear relationship between lnA and E a , which further proves the feasibilities of the estimated reaction models. The linear relationship functions are lnA = 0.1822E a + 2.3442 and lnA = 0.1546 E a + 5.8289 for Stage I and Stage II, respectively, with R 2 reaching up to 0.99. be obtained by substituting g(α), as listed in Table 2 .
As expressed in Equation (9), Figure 6 shows the good linear relationship between lnA and Ea, which further proves the feasibilities of the estimated reaction models. The linear relationship functions are lnA=0.1822Ea + 2.3442 and lnA=0.1546 Ea + 5.8289 for Stage I and Stage II, respectively, with R 2 reaching up to 0.99. 
Kinetic Parameters Estimation by Shuffled Complex Evolution
Based on the two established pyrolysis stages, it is assumed that the reaction can be expressed as: 
Corresponding to the first order reaction-order model and fourth order reaction-order model in the two stages established by CR method in Section 3.3, the reaction rates in these two stages can be represented: 
Based on the two established pyrolysis stages, it is assumed that the reaction can be expressed as:
Corresponding to the first order reaction-order model and fourth order reaction-order model in the two stages established by CR method in Section 3.3, the reaction rates in these two stages can be represented:
Next, the parameter search ranges of action energy E a , pre-exponential factor A and residue yield v should be given. Based on the calculated results by FWO method in Section 3.2, the search ranges are set to 50-150% of the calculated values. Eventually, the optimized values are obtained, as listed in Table 5 . The predicted results compared to experimental data are shown in Figure 7 . It can be seen that the predicted results agree well with experimental data during the whole temperature range and the R 2 values reach up to 0.93 at all the heating rates. The optimized kinetic parameters can be used in the pyrolysis process of related energy utilization, such as the application of pyrolysis model and direct combustion in numerical simulation [25, 26] .
are set to 50-150% of the calculated values. Eventually, the optimized values are obtained, as listed in Table 5 . The predicted results compared to experimental data are shown in Figure 7 . It can be seen that the predicted results agree well with experimental data during the whole temperature range and the R 2 values reach up to 0.93 at all the heating rates. The optimized kinetic parameters can be used in the pyrolysis process of related energy utilization, such as the application of pyrolysis model and direct combustion in numerical simulation [25, 26] . 
Conclusions
Thermogravimetric analysis experiments were carried out to study the pyrolysis of CPVC at the heating rates of 10, 20, 30 and 60 K/min in a nitrogen atmosphere. The pyrolysis process of CPVC could be regarded as two dominant stages based on the TG and DTG curves. By comparison of PVC Figure 7 . Predicted results based on optimized parameters compared to experimental data. 
Thermogravimetric analysis experiments were carried out to study the pyrolysis of CPVC at the heating rates of 10, 20, 30 and 60 K/min in a nitrogen atmosphere. The pyrolysis process of CPVC could be regarded as two dominant stages based on the TG and DTG curves. By comparison of PVC pyrolysis, it was estimated that these two stages of CPVC pyrolysis should be mainly attributed to the dehydrochlorination and cyclization/aromatization processes, respectively.
Under the unknown CPVC pyrolysis model, a model-free method (FWO) was selected to estimate the average activation energy and then its value was compared with the activation energy values computed by a model-fitting method (CR) with different reaction models to explore the most appropriate model. Eventually, the first order reaction-order model and fourth order reaction-order model were established to be responsible for these two pyrolysis stages. Furthermore, Shuffled Complex Evolution algorithm method was coupled with FWO and CR to optimize the kinetic parameters for predicting the pyrolysis behaviors in the whole temperature range. Then these obtained kinetic parameters can be used in the further simulation about pyrolysis and combustion.
